Abstract Although the Nobel Prize for the discovery of nitric oxide (NO) dates back almost 20 years now, the knowledge about cGMP signaling is still constantly increasing. It looks even so that our understanding of the role of the soluble guanylyl cyclase (sGC) and particulate guanylyl cyclase (pGC) in health and disease is in many aspects at the beginning and far from being understood. This holds even true for the therapeutic impact of innovative drugs acting on both the NO/sGC and the pGC pathways. Since cGMP, as second messenger, is involved in the pathogenesis of numerous diseases within the cardiovascular, pulmonary, renal, and endocrine systems and also plays a role in neuronal, sensory, and tumor processes, drug applications might be quite broad. On the 8th International Conference on cGMP, held in Bamberg, Germany, world leading experts came together to discuss these topics. All aspects of cGMP research from the basic understanding of cGMP signaling to clinical applicability were discussed in depth. In addition, present and future therapeutic applications of cGMP-modulating pharmacotherapy were presented (http://www.cyclicgmp.net/index.html).
Introduction
Roughly 170 scientists including the two Nobel laureates Ferid Murad and Stefan Hell, from all over the world, from academia and industry including not only basic and translational researchers but also drug discovery experts and clinical scientists, convened at Bamberg (Fig. 1) , close to the old medieval city center and UNESCO World Heritage. Within almost three fully packed days, more than 40 talks and about 55 posters were presented and discussed. The meeting was held in an inspiring atmosphere also providing completely novel insights and understandings of BcGMP, generators, effectors, and therapeutic implications^(http://www.cyclicgmp.net/ pages/2017/program.html).
Before deep-diving into cGMP (cyclic guanosine 3′,5′ monophosphate) signaling and its role in physiology and pathophysiology, a brief introduction into this field should be given. As a key intracellular second messenger, cGMP is involved in the regulation of many cellular functions. Intracellular levels of cGMP are tightly regulated. Synthesis of cGMP by soluble guanylyl cyclases (sGC) and particulate guanylyl cyclases (pGC) and degradation by phosphodiesterases (PDE) provide the basis for maintenance of body homeostasis. Consequently, dysregulation of cGMP signaling is likely to induce pathological states in many organs (Rainer and Kass 2016; Kraehling and Sessa 2017; Aka et al. 2017; Ben Authors are listed in alphabetical order and contributed equally to this report. Aissa et al. 2016) . Investigation of cGMP turnover by cyclases and phosphodiesterases as well as knowledge of cGMP effectors and their downstream targets are of key importance to understand the molecular physiology and pathophysiology of this signaling cascade. Knowledge of basic mechanisms is, thus, a prerequisite for the development of drugs within this pathway which have substantial therapeutic implications and help to improve the life of patients (Oettrich et al. 2016; Buglioni and Burnett 2016) .
The production of cGMP from GTP results from the enzymatic activity of sGC and pGC. Whereas sGC is stimulated by nitric oxide (NO) formed from L-arginine by NO synthases (eNOS, nNOS, iNOS), pGCs are activated by peptides (such as ANP, BNP, CNP, guanylin, and uroguanylin) and other mechanisms (Koesling et al. 2016; Kuhn 2016) . Several effectors are known to convey the cGMP signal: cGMPdependent protein kinases (cGK or PKG), PDE, and cGMPgated ion channels. In addition, cGMP extrusion by MRP4 has been shown to actively decrease the intracellular cGMP levels (Krawutschke et al. 2015) .
Pharmacologically, cGMP signaling can be increased by either stimulation of cGMP production or inhibition of cGMP degradation. Organic nitrates and NO donors like glyceryl trinitrate, sodium nitroprusside (SNP), or molsidomine have been long known to release NO spontaneously or after metabolic conversion. Applications for NO donors include patients suffering from coronary heart disease to treat angina pectoris as well as patients suffering from hypertensive crisis and other emergencies requiring rapid relaxation of smooth muscle cells. As a member of a novel class of drugs, riociguat effectively and potently increases cGMP production by selectively stimulating sGC. This compound has been approved for the treatment of pulmonary hypertension . Sildenafil, the first selective PDE5 inhibitor, was introduced approximately 20 years ago for the treatment of erectile dysfunction and was later on also approved for the treatment of pulmonary hypertension (Boolell et al. 1996; Doumas et al. 2015) .
The options to target pGCs pharmacologically are still limited. The introduction of sacubitril/valsartan, a dual-acting angiotensin receptor neprilysin inhibitor, which augments the effects of natriuretic peptides, was shown to be effective in heart-failure patients (Jhund et al. 2015; Singh et al. 2017) . Figure 2 provides an overview on some aspects of NO/cGMP signaling and pharmacological interventions.
Due to the substantial body of new data and space constraints, it is not possible to discuss all topics here in this report. Therefore, the authors apologize to our colleagues whose work is not covered or not covered comprehensively here. For the complete publication of all abstracts, the reader is referred to BMC Pharmacology and Toxicology, volume (Reference not yet available, to be included after publication of abstracts in BMC).
Cardiovascular function and heart diseases
Originally, NO was discovered as a signaling molecule in the cardiovascular system leading to relaxation of the blood vessels. Caused by the still very high unmet medical need in cardiovascular diseases, there are substantial efforts in research, drug discovery, and clinical development ongoing; these are aimed at fully understanding the role of cGMP in the cardiovascular system and at fully exploiting the therapeutic potential of cGMP-enhancing drugs for the treatment of cardiovascular diseases and heart failure. This is even more important since not only both NO/sGC and natriuretic peptide/ pGC but also PDEs (e.g., PDE2, PDE5, and PDE9) affect Ischemia reperfusion injury, myocardial infarction, and acute heart failure A major problem in the treatment of patients undergoing lysis therapy after myocardial infarction is due to damage resulting from reperfusion of the occluded vessel. Several members of the NO/cGMP cascade have been shown to influence cardiac ischemia/reperfusion (I/R) injury. sGC as well as the calciumactivated K + channel of the BK type (BK channel) play a clear role in the protection against I/R injury (Robert Lukowski, Tübingen). Mice lacking sGC specifically in cardiomyocytes (CM-sGC-KO) were subjected to 300 min ischemia followed by 120 min reperfusion. Although lack of sGC in cardiomyocytes did not influence basal infarct size, the cardioprotective role of sGC became obvious after postconditioning. Pharmacological activation of BK channels also led to cardioprotection and cardiomyocyte-specific deletion of this channel (CM-BKKO), which in these cells is only found in mitochondria, prevented the protective effect. Interestingly, all cGMP-elevating compounds (GC activators, PDE inhibitors) that reduced I/R injury were ineffective in CM-BKKO mice indicating BK channels to be the main downstream target of cGMP signaling.
The role of sGC in atherosclerosis is obvious (Thorsten Kessler and coworkers, München, Lübeck). In a genomewide association study, a SNP (rs7692387; located within intron 8 of the GUCY1A3 gene) was shown to associate with a higher risk for coronary artery disease (Deloukas et al. 2013) . In this study, rs7692387 affected NO-GC α 1 mRNA expression. Sixty percent of the Western European population are homozygous carriers of a NO-GC1 risk allele (GG allele) which leads to a reduced mRNA expression of the α 1 subunit. rs7692387 seems to modulate gene regulation rather than alter protein function or activity. The mutated region (GG instead of AA) is thought to be part of an enhancer element, and in fact, transcription factors such as IRF8 and ZEB1 were shown to differentially bind to this site. Indeed, ZEB1 binds preferentially to the non-risk allele (A allele), leading to an increase in sGC mRNA transcription and, thus, higher sGC levels (Kessler et al. 2017) . From these data, it becomes evident that preservation of sGC/cGMP signaling is critical for the reduction of coronary risk.
Chronic heart failure
Chronic heart failure is still one of the major health burdens worldwide and intense research and development efforts are ongoing to improve outcome in chronic-heart-failure patients. In recent years, our knowledge for heart failure with reduced ejection fraction (HFrEF) is emerging and with Entresto™, a sodium salt complex of the NEP inhibitor sacubitril and the Fig. 2 Schematic overview on NO/cGMP and natriuretic peptide-pGC signaling and current pharmacological interventions. For further details on the exponentially growing complexity and diversity of cGMP signaling in health and disease, the reader is referred to the main text angiotensin AT1 receptor blocker valsartan, a new pharmacological treatment principal has been introduced (Khder et al. 2017) . More recently, the novel sGC stimulator vericiguat (Follmann et al. 2017 ) completed two phase II trials in patients with heart failure, one trial in HFrEF (SOCRATES-reduced, NCT01951625), but also one trial in patients suffering from heart failure with preserved ejection fraction (HFpEF) (SOCRATES-preserved, NCT01951638). Vericiguat showed efficacy in SOCRATES-reduced (Gheorghiade et al. 2015) and a consecutive phase III clinical program (VICTORIA Trial, NCT02861534) was started in September last year. However, the trial in HFpEF patients showed no significant improvement in the primary endpoint which was NT-pro BNP (Filippatos et al. 2017) . There is still little understanding of HFpEF and all clinical trials failed so far (Lewis et al. 2017) . Therefore, it is mandatory to improve our understanding of HFpEF to investigate how cGMP might contribute to HFpEF and also if sGC stimulators and sGC activators could be effective in HFpEF.
HFpEF is associated with coronary microvascular endothelial activation and oxidative stress (Nazha Hamdani, Bochum). These lead to uncoupling of endothelial nitric oxide synthase, inhibition of NO-dependent signaling from endothelial cells to cardiomyocytes, and reduction of sGC and PKG activity in cardiomyocytes. Reduced PKG-mediated phosphorylation of titin, a giant protein that forms a continuous filament network in the sarcomeres of striated muscle cells, contributes to the high cardiomyocyte stiffness and hypertrophy observed in HFpEF patients, especially in women. Thus, targeting PKG/titin signaling might be a novel treatment strategy in chronic heart failure.
The cardiac myosin-binding protein-C (cMyBP-C) was identified in a screen for myocardial proteins interacting with the leucine zipper (LZ)-binding domain of PKGIα (Robert Blanton, Boston). cMyBP-C is a cardiac myocyte-specific protein that in the phosphorylated state inhibits cardiac remodeling, and when mutated at the LZ-binding domain, leads to hypertrophic cardiomyopathy in humans. In mice subjected to left ventricular pressure overload, cGMP elevation with sildenafil increased cMyBP-C phosphorylation. These data suggest that cMyBP-C is an anti-remodeling PKGIα kinase substrate and support further exploration of PKGIα myocardial LZ substrates as potential therapeutic targets for the treatment of heart failure.
In recent meetings, the role of cGMP-degrading phosphodiesterases, such as PDE5 and PDE9, was intensively discussed, especially with a focus on the impact of cardiovascular disease and heart function. However, PDE2 and the cGMP/cAMP crosstalk may play a crucial role in healthy and diseased myocardium and may have impact on the development of cardiac hypertrophy and heart failure. PDE2 expression and activity is increased in failing hearts of rats, dogs, and also in patients with ischemic or dilated cardiomyopathy.
Preclinical in vitro and in vivo data demonstrated that overexpression of PDE2 protects cardiomyocytes and reduces the hypertrophic response (Rodolphe Fischmeister, Paris). Very importantly, mice with myocyte-specific overexpression of PDE2 show higher cardiac contractility and reduced heart rate and have a significantly longer life span compared to WT. Mechanistically, these effects are linked to calcium signaling via the L-type calcium channel in cardiomyocytes. Overexpression of PDE2 decreased the effect on intracellular calcium compared to WT which could be fully removed by using the specific PDE2 inhibitor BAY 60-7550 (Wunder et al. 2009 ). Overall, these data suggest that pharmacological activation of PDE2 in the heart could represent a potential new therapeutic strategy in heart failure.
In search of novel ways to treat overload-induced cardiac remodeling, mixed-lineage kinase 3 (MLK3), a PKGIα substrate, appears to be a possible target (Timothy Calamaras, Boston). As PKGIα is known to oppose cardiac hypertrophy by unknown mechanisms, MLK3 and its downstream signaling were investigated as potential part of this protective signaling cascade. PKGIα was shown to interact on the protein level with MLK3 in myocardial tissue. With JNK being a substrate of MLK3, PKGIα was shown to mediate cGMPinduced JNK phosphorylation in cultivated cardiomyocytes. Inhibitors of MLK3 led to cardiomyocyte hypertrophy. In line with this, cardiac hypertrophy was seen in MLK3-deficient mice, although these mice showed a preserved cardiac function. Upon pressure overload, however, MLK3-KO mice developed increased cardiac dysfunction which was paralleled by an increase in ANP and collagen expression indicating fibrosis and hypertrophy. In addition, JNK activation in MLK3-KO mice under pressure overload was impaired. These results suggest that PKGIα can mediate its cardioprotective effect via MLK3 and subsequent myocardial JNK signaling.
Cardiovascular functions of CNP
C-type natriuretic peptide (CNP) released from the endothelium plays a fundamental role in regulating vascular homeostasis by controlling local blood flow, systemic blood pressure, and the reactivity of leukocytes and platelets (Moyes et al. 2014) . However, the role of endogenous CNP in the heart remains poorly understood. Two novel mouse strains with specific deletion of CNP in endothelial cells or cardiomyocytes have been generated (Amie Moyes, London). Interestingly, these mouse strains demonstrated distinct, and partly opposing, impairments in cardiac functions. The available data suggest that CNP exerts specific protective functions on coronary vascular reactivity and the response to pressure overload, and that some of the CNP effects are mediated in a GC-B-independent manner by activation of NPR-C.
Protective effects of CNP in a mouse model of acute pressure overload were also reported (Konstanze Michel, Würzburg). A role of GC-B in this context was discovered using mice with cardiomyocyte-restricted deletion of GC-B. Their ongoing research attempts to elucidate the downstream targets of CNP/GC-B/cGMP signaling in cardiomyocytes.
With the help of novel mouse models with conditional, cell-restricted deletion of GC-B, so far unknown functions of CNP/GC-B signaling are being discovered (Michaela Kuhn, Würzburg) . Preliminary data indicate that GC-B is expressed in endothelial cells, pericytes, and mast cells. It remains to be elucidated how GC-B localized in different tissues affects vascular functions.
Thrombosis and platelet function
An introduction into platelet proteomics was given by Ulrich Walter (Mainz). In previous studies, the sGC stimulator riociguat was shown to effectively increase platelet cGMP levels and VASP phosphorylation, an effect absent in platelet-specific sGC-KO animals (Reiss et al. 2015) . In this novel project, the aim was to analyze the human platelet phosphoproteome after stimulation with riociguat. More than 8000 phosphorylation sites in approximately 2250 proteins were detected. Phosphorylation was increased in 345 and dec r e a s e d i n 9 4 p r o t e i n s . C o m p a r i s o n w i t h t h e phosphoproteome after iloprost stimulation revealed a large overlap in cGMP-and cAMP-induced phosphorylation sites. Riociguat strongly increased the phosphorylation of established PKG substrates such as VASP, MYLK, or PDE5. In addition, several new targets were identified. Taken together, these studies are a step forward in elucidating the signaling network of cGMP/PKG-induced phosphorylation of human platelet proteins.
Lung diseases and pulmonary hypertension
Besides prostacyclins and endothelin receptor antagonists, therapies increasing cGMP are part of the standard care for the treatment of pulmonary arterial hypertension (PAH). The PDE5 inhibitors sildenafil and tadalafil have been approved for the treatment of PAH and are distributed as Revatio™ and Adcirca™, respectively (Humbert and Ghofrani 2016) . However, a certain proportion of patients does not reach or maintain treatment goals with PDE5 inhibitors. More recently, the sGC stimulator riociguat was approved as Adempas™ not only for the treatment of PAH but also for chronic thromboembolic pulmonary hypertension (CTEPH) (Hoeper 2015) . The RESPITE clinical trial ) investigated safety, feasibility, and beneficial effects of replacing PDE5 inhibitor with riociguat in patients with PAH who do not respond adequately to PDE5 inhibitors (James Klinger, Providence).
Renal diseases
Kidney diseases, especially chronic and diabetic kidney diseases (CKD/DKD), are major health care problems in the aging population and at least in part closely linked to cardiovascular diseases and heart failure. Atrial natriuretic peptide (ANP) is critically involved in regulation of sodium and water balance. In the kidney, ANP increases the glomerular filtration rate, decreases sodium reabsorption, and inhibits renin secretion, thereby also impacting on the RAAS system. In addition, stimulating the NO/sGC cascade can increase renal blood flow and cGMP increase could help to maintain kidney function . Since the medical need in chronic and diabetic kidney diseases is still high, it is an intriguing concept that cGMP elevation could improve kidney function and constitute a new pharmacological treatment approach.
In the last cGMP meeting held in Trier 2015, renoprotective effects of the sGC activator BI 703704 (BoustanyKari et al. 2016) in ZSF-1 rats were presented by Steven Pullen (Ridgefield). Being a crossbreed of the Zucker diabetic fatty (ZDF) rat and the spontaneously hypertensive heart failure rat, these animals are characterized by obesity, hyperglycemia, and dyslipidemia and develop a progressive proteinuria and glomerulosclerosis. Since this phenotype is reflected also in DKD/CKD patients, this chronic rat model might be ideal to profile new treatments for DKD. The 2015 data indicated that sGC activator treatment could slow progression of proteinuria and cause a significant reduction in the incidence of glomerulosclerosis and interstitial lesions (Boustany-Kari et al. 2016) . In this meeting, the optimal dose of BI 703704 was compared to a high and a low dose of an sGC stimulator, a high and a low dose of a PDE5 inhibitor, and enalapril. The blood pressure lowering effects were roughly similar (around − 8 mmHg) in all treatment groups. Interestingly, only the treatment with BI 703704 caused a significant reduction of proteinuria whereas all other treatments had no effect. In addition, only the sGC activator reduced renal damage indicated by reduction of glomerulosclerosis and interstitial lesions. There was also the observation that the sGC activator reduced renal myofibroblasts and increased the number of healthy podocytes without any effect of either enalapril or the sGC stimulator or the PDE5 inhibitor on those cell types. These data confirm the beneficial effects of sGC activators in ZDF-1 rats which should be validated now in the clinics. However, these data also indicate that there might be a mechanistic difference between sGC activators on one end and sGC stimulators and PDE5 inhibitors. Therefore, despite these very convincing preclinical data, the beneficial action of cGMP in kidney diseases is still unresolved. Various effects ranging from renal blood flow increase, over suppression of renin secretion, to improvement of tubular function and protection of endothelial cells and podocytes are discussed. Potentially, the mode of action is multifactorial. However, this is difficult to study in long-term chronic treatment studies. New methods and mechanistic models characterized by acute decrease in kidney function could help to elucidate such mechanisms. In fact, it was shown that in a model with acute onset of albuminuria induced by angiotensin infusion, cGMP effects could be studied more mechanistically. In this model, both sGC stimulators and sGC activators could reduce albuminuria.
Fibrotic diseases
The effects of cGMP on vascular smooth muscle cells and the implications for the regulation of blood vessel tone and blood pressure are very well established. However, in more recent years, there is emerging evidence that cGMP increases could target a variety of other cell types, including fibroblasts and myofibroblasts . Understanding these effects will not only extend the mode of action of cGMP beyond vasodilation but might also provide the basis for completely new applications of cGMP-enhancing drugs.
Systemic sclerosis
Systemic sclerosis (SSc) is a rare connective tissue disease characterized by not only excessive skin fibrosis but also fibrosis of internal organs such as the lungs and kidneys, causing a high morbidity and increased mortality. There is still a significant unmet medical need for antifibrotic treatments since only symptomatic treatment options and treatment recommendations are currently available. The effects of cGMP on skin fibroblasts and on skin fibrosis in vivo have been intensively studied in recent years and the effects of the sGC stimulators BAY 41-2272 (Straub et al. 2001 ) and BAY 63-2521 (riociguat) were profiled in vitro and in vivo in preclinical models of SSc and skin fibrosis (Peter Sandner, Wuppertal) . In vitro, the sGC stimulators not only reduced collagen production and fibroblast-to-myofibroblast differentiation of dermal fibroblasts but were also able to reduce the number of established myofibroblasts and inhibit transforming growth factor beta (TGFß) signaling. In vivo, the sGC stimulators prevented TGFß-induced skin fibrosis, prevented skin fibrosis in the murine bleomycin model, reduced skin fibrosis in the genetic tight skin mouse model, and reduced skin and intestinal fibrosis in the chronic graft versus host disease mouse model. These promising preclinical results led to a randomized, double-blind, placebo-controlled clinical phase II study to investigate the efficacy and safety of riociguat in patients with SSc. This RISE-SSc is currently ongoing (NCT02283762).
Liver fibrosis and non-alcoholic steatohepatitis
In recent years, it has become obvious that cGMP might also have antifibrotic effects in the liver as the use of sGC activators and sGC stimulators turned out to be beneficial in preclinical models of liver fibrosis (Knorr et al. 2008, Sandner and . The non-alcoholic steatohepatitis (NASH), which is characterized by liver fibrosis, inflammation, and steatosis, could result in liver cirrhosis and might therefore be also sensitive to treatment with sGC modulators. A new potent and selective sGC stimulator, IW-1973, was profiled in vitro and in vivo in animal models of liver fibrosis and NASH (Jaime Masferrer, Boston). In vivo, IW-1973, was investigated in methionine/choline-deficient mice fed with a high-fat diet. In addition, IW-1973 was tested in the socalled STAM model, a mouse NASH model induced by high-fat cholesterol-enriched diet. IW-1973 increased cGMP in rat hepatic stellate cells and reversed TGFß-induced αSMA production. These data suggest that sGC stimulators such as IW-1973 might be a novel treatment approach for liver fibrosis and NASH.
Lung fibrosis
Lung diseases are commonly associated with inflammation and development of fibrotic tissue scars. Therefore, targeting lung fibrosis could improve treatment of various lung diseases. It is well established that sGC stimulators and sGC activator could decrease pulmonary fibrosis in a variety of preclinical animal models.
Global and cell-specific knockout models for sGC are being used to investigate the enzyme's cellular contribution to the development of lung fibrosis (Andreas Friebe, Würzburg). The major cell type expressing sGC appears to be the lung pericyte. Interestingly, pericytes are also a major sGC expression site in other tissues such as retina, heart, and skeletal muscle. Pericytes have been recently taken into focus as a primary precursor for myofibroblasts (MF) during fibrosis (Rowley and Johnson 2014) . MF are the primary cells that promote fibrosis by producing collagen and other matrix proteins as well as a smooth muscle actin. Using the bleomycin model of pulmonary fibrosis, the role of sGC in pulmonary fibrosis turns out to be twofold: Mice lacking the enzyme globally showed increased fibrotic foci after bleomycin treatment. In addition, with the bleomycin model being reversible, resolution of fibrosis was delayed in the absence of sGC. These data clearly point towards the usability of GC stimulators/activators for the therapy of lung fibrosis. However, a clinical phase II study in patients with pulmonary hypertension with complicating idiopathic interstitial pneumonias and interstitial lung fibrosis (NCT02138825) was terminated prematurely due to an unfavorable risk/benefit ratio in these severely ill patients (Nathan et al. 2017 ) which led to contraindication for riociguat. Therefore, it is still unclear if these antifibrotic effects in vitro and in vivo in the lung will translate into the clinics.
The role of natriuretic peptides and the pGC system for the development of lung fibrosis is less understood. Continuous delivery of ANP using an osmotic pump decreased lung fibrotic area and infiltration of inflammatory cells in the murine bleomycin model of pulmonary fibrosis (Yasutake Tanaka, Osaka). Similar effects of ANP were observed in transgenic mice overexpressing the ANP receptor GC-A in vascular endothelium cells (Okamoto et al. 2017) . Moreover, ANP treatment also suppressed exacerbation of acute pulmonary fibrosis in a modified mouse model. Therefore, ANP/GC-A signaling seems to exert protective effects on pulmonary fibrosis.
Sensory systems and neurophysiology Glaucoma
Being a degenerative disease with poorly understood pathological mechanisms, glaucoma is still widespread in the world's population (Buys et al. 2014) . sGC has been shown to regulate aqueous humor outflow and, thus, intraocular pressure (IOP). In line with this, preclinical studies have proven NO donors and NO gas (40 ppm) to be an effective option for lowering IOP (Emmanuel Buys, Boston). As these effects were absent in mice lacking NO-GC1, sGC stimulators/ activators may be a further alternative.
Achromatopsia
In the 7th cGMP meeting in 2015, very early results were presented, demonstrating that abnormalities in cGMP signaling play a role in the pathogenesis of several hereditary forms of visual impairment. Loss-of-function mutations in CNG channels (CNGA3) can cause achromatopsia and CNG channel knockout mice constitute a model system for human achromatopsia. Based on these findings, a recombinant adeno-associated virus (rAAV)-mediated gene supplementation therapy for the treatment of CNGA3-linked achromatopsia was developed (Stylianos Michalakis, München). This system can deliver full-length CNGA3 under control of the human cone-specific cone arrestin promoter packaged in AAV8 capsid (rAAV8.CNGA3). After tests of this rAAV8.CNGA3 vector in the CNGA3 KO mouse achromatopsia model and consecutive toxicological and pharmacokinetic tests, an interventional phase I/II clinical trial has been initiated. This trial is focusing on safety and efficacy of a single subretinal injection of rAAV8.CNGA3 in patients at three different doses. First results in single patients look promising but the trial is still ongoing (NCT02610582).
Auditory system
In 2012, it was demonstrated for the first time that sGC is important for hearing function by showing that sGC-KO mice are more vulnerable to noise-induced hearing loss and that PDE5 inhibitors can prevent noise-induced hearing loss in mice (Jaumann et al. 2012) . New evidence now suggest that the deletion of NO-GC1 or NO-GC2 does not influence electromechanical outer hair cell properties, measured by distortion product otoacoustic emissions, neither before nor after noise exposure (Möhrle et al. 2017) . In contrast, inner hair cell ribbons and auditory nerve responses were significantly less deteriorated in NO-GC1 KO and NO-GC2 KO mice after noise exposure. The use of sGC stimulators had no effect on hearing function, but demonstrated an age-dependent effect on inner hair cell synaptopathy. These data suggested that sGC may become a future pharmacological target for early treatment of noise trauma and prevention of hidden hearing loss. However, these effects have to be investigated more in detail in the future since PDE5 expression in the cochlea could be age dependent as well, thus also influencing sGC response.
Pharmacology and applications of cGMP-enhancing drugs sGC stimulators and sGC activators
Johannes-Peter Stasch, previously Bayer, who is one of the pioneers of sGC modulator pharmacology and who discovered sGC stimulators like BAY 41-2272, riociguat, nelociguat, and vericiguat and sGC activators like BAY 60-2770 (Knorr et al. 2008) or cinaciguat, gave a keynote lecture on the discovery, research, and development of these two new classes of compounds. The sGC stimulators are able to stimulate hemecontaining sGC via binding to the alpha subunit, whereas sGC activators target the oxidized and heme-free apo-sGC via binding to the heme-site on the beta subunit. These two classes of compounds can stimulate sGC and apo-sGC directly also in the absence of NO. Within this talk, it became very obvious how our understanding of NO/sGC signaling is tightly linked to the discovery of these new classes of compounds. Currently, heme-containing sGC and oxidized and heme-free apo-sGC can be distinguished and characterized only by these compound classes. In addition, riociguat was the first member of this compound class to be approved for medical therapy in 2013 for the treatment of PAH and CTEPH. Currently, a couple of sGC stimulators are in clinical development and vericiguat, a once daily oral sGC stimulator, is most advanced in phase III for the treatment of heart failure with reduced ejection fraction (HFrEF).
New sGC stimulators
In addition, a couple of new sGC stimulators, namely IW-1973, IW-1701, and IW-6463, were introduced which show the classical sGC stimulator profile in vitro (Todd Milne, Boston). These compounds can be applied orally and exhibit not only different kinetics but also different tissue distributions. The once-daily oral sGC stimulator IW-1973 is in phase II clinical development in patients with stable type 2 diabetes and hypertension (NCT03091920). Additional clinical trials in patients with diabetic nephropathy and diabetic kidney disease are planned for IW-1973 (NCT03217591) . Moreover, additional indications like HFpEF or resistant hypertension are potential future indications for this compound. IW-1701, another once-daily sGC stimulator, is currently in phase II clinical development for the treatment of achalasia (NCT02931565), and for this compound, sickle cell disease might be a future indication. Finally, IW-6463 is in preclinical development for vascular and Alzheimer's dementia since this compound was reported to penetrate into the CNS.
New sGC activators
Up to now, the pharmacological differences of sGC stimulators and sGC activators in translational in vivo models and their impact in specific diseases are not well characterized. Preclinical data with an oral sGC activator (BI 703704) were presented (see above). However, new sGC activators were not presented at this conference but clinical testing of a BI sGC activator should start in the near future. This concept might be then also investigated and substantiated in human diseases.
Natriuretic peptide receptor modulators
After the N-methylanthraniloyl compounds (MANT; 6th cGMP conference 2013; Hoffmann and Chen, 2014) and the introduction of NEP inhibitors (7th cGMP conference 2015; Friebe et al. 2015) , the research and development of compounds acting on pGC signaling is still lagging behind compared to sGC stimulators and sGC activators. Positive allosteric modulators of the natriuretic peptide receptor-A (GC-A) may be a novel option (Henriette Andresen, Oslo). Based on a high-throughput screening approach with 30.000 compounds, a single hit was identified which could significantly enhance cGMP production in GC-A-expressing cells. In the presence of BNP, this compound increased cGMP production in a concentration-dependent manner suggesting an allosteric binding site. The compound was selective towards GC-A with no effect on GC-B. The compound might be able to enhance natriuretic peptide effects and turn out to be an alternative to natriuretic peptide analogues and NEP inhibitors, although a possible inhibitory effect on PDEs has to be thoroughly checked.
Modified variants of natriuretic peptides
Achondroplasia (ACH), the most common form of human dwarfism, is caused by an activating autosomal dominant mutation in the fibroblast growth factor receptor-3 (FGFR3) gene. Genetic overexpression of Ctype natriuretic peptide (CNP), which signals through GC-B and modulates the activity of FGFR3, prevents dwarfism in mouse models of ACH. However, administration of exogenous CNP is compromised by its rapid clearance in vivo through receptor-mediated and proteolytic pathways. Modified variants of human CNP were shown to be resistant to proteolytic degradation and to have significantly longer serum half-lives than native CNP (Stuart Bunting, Los Angeles). Interestingly, one of these CNP variants, BMN 111 (Lorget et al. 2012) , corrected the dwarfism phenotype in a mouse model of ACH and accelerated the bone growth in juvenile monkeys (Wendt et al. 2015) . While high doses of BMN 111 affect blood pressure and heart rate, low doses seem to be well tolerated. Notably, the first results of low-dose BMN 111 in phase I and II clinical trials are encouraging. Thus, modified CNP variants might represent a new approach for treatment of patients with ACH.
Novel GC and cGMP functions Diabetes
The cardiac natriuretic peptides ANP and BNP exert wellcharacterized renal and cardiovascular actions which are mediated by activation of GC-A. There is increasing evidence that ANP and BNP also affect the functions of the adipose tissue, skeletal muscle, liver, and endocrine pancreas (Kuhn 2016) . A new mouse model with conditional, cell-restricted deletion of GC-A in pancreatic beta cells showed an improvement of glucose handling and glucose-stimulated insulin release when compared to controls (Sabine Tauscher, Würzburg) . These data point to a protective role of the cardiac hormones in the endocrine pancreas with regard to beta cell proliferation and apoptosis.
Colon cancer and obesity
The role of the GC-C/cGMP system was also broadly discussed with regards to its function in adenoma, gut-brain axis, and obesity (Scott Waldman, Philadelphia). In the gastrointestinal tract, GC-C is expressed selectively in intestinal epithelial cells of the brush border membrane (Blomain et al. 2016) . Uroguanylin and guanylin act as physiological activators whereas heat-stable enterotoxin from E. coli stimulates the enzyme under pathophysiological conditions. As GC-C is found in colonic stem cells, it might represent a novel tumor suppressor. In fact, data from Waldman's 2015 talk in Trier indicate that GC-C regulates intestinal crypt-surface proliferation and deletion of guanylin expression increased tumor growth in several colon cancer models. These data are underlined by the phenotype of GC-C-deficient mice in which cancer instance and burden are increased compared to WT animals.
Separate from the GI function, GC-C appears to be involved in the regulation of eating behavior, satiety, and body weight. GC-C-KO animals show increased food uptake and are therefore obese, based on an impaired satiety reflex. In WT animals, instillation of GC-C ligands led to reduced eating. A possible mechanism may include a food-induced release of guanylin which is then transported to the CNS to act on GC-C-expressing nuclei in the hypothalamus. Also, high fat as well as high carbohydrate diet may reduce guanylin levels to be involved in the onset of obesity. Clearly, GC-C ligands may constitute attractive compounds not only for the treatment of colorectal cancer but also to restore appetite control in order to oppose obesity.
Malaria cGMP signaling in malaria parasites is an interesting but rarely discussed topic (Andrew Tobin, Glasgow). Recent phosphoproteomic studies in Plasmodium falciparum have revealed that the parasite protein kinases phosphorylate proteins involved in both asexual and sexual stages of the parasite life cycle. This finding together with the high degree of phylogenetic distance between the human and malaria protein kinases supports the notion that targeting parasite protein kinases would present therapeutic opportunities not only for the treatment of malaria but also in preventing onward transmission. Interestingly, one of the essential protein kinases in P. falciparum is the cGMP-dependent protein kinase, PfPKG. Among the PfPKG targets identified to date are proteins involved in cell signaling, proteolysis, gene regulation, protein export, and ion and protein transport (Alam et al. 2015) . Therefore, compounds that specifically inhibit PfPKG might be novel tools for malaria therapy and prevention (Baker et al. 2017) .
Aortic aneurysm
Gene mutations that lead to decreased contraction of vascular smooth muscle cells can cause inherited aortic aneurysms. A recent exome sequencing study identified a heterozygous mutation (R117Q) in PKG1 as the cause of early-onset familial thoracic aortic aneurysms and dissections in four families. Although the R177Q mutation disrupts cGMP binding within the regulatory domain, the altered PKG1 is constitutively active even in the absence of cGMP (Guo et al. 2013 ). Generation of a mouse line carrying a R117Q knock-in mutation to further explore the underlying mechanisms was reported (Gerburg Schwaertzer, San Diego). Interestingly, she observed increased generation of reactive oxygen species in aortic smooth muscle cells of the knock-in mice. These preliminary data suggest that increased oxidative damage might contribute to the thoracic aortic aneurysms and dissections observed in patients carrying the R117Q mutation.
Non-canonical signaling
The beneficial action of NO· (NO radical) released from various NO donors has been therapeutically exploited for a very long time. Recently, as described above, GC-stimulating/activating compounds have been introduced into clinical pharmacology. Apart from these, PDE inhibitors are a major albeit diverse group of compounds to elevate cGMP signaling. However, still further options exist to increase cGMPmediated cellular effects by pathways that may be summarized as non-canonical.
Alternative pathways to deliver NO or at least an sGCactivating NO metabolite are inorganic nitrates (Vikas Kapil, London) and nitroxyl (Nazareno Paolocci, Baltimore). Inorganic nitrates are commonly found in various vegetables such as spinach or beet root. These inorganic nitrates require chemical reduction to nitrite and NO. Elegant studies have shown that commensal bacteria in the oral cavity are a main source of nitrate-derived nitrite which is then transformed to NO in the acidic milieu of the stomach (Lundberg et al. 1994) . Evidence suggests that dietary inorganic nitrite provides beneficial effects acutely. These include a decrease in blood pressure, platelet inhibition, and anti-inflammatory effects. As tachyphylaxis is not observed within this reaction mechanism, inorganic nitrates might be a useful option for chronic therapies.
Nitroxyl (as HNO or NO − ), being the one electron reduction product of NO, has attracted much attention due to its effects in the cardiovascular system. HNO from either Angeli's salt or newly developed nitroxyl donors such as CXL-1020 (Sabbah et al. 2013 ) reduce blood pressure by dilation of arterial as well as venous dilation, an effect dependent on sGC. In addition, HNO exerts a positive inotropic effect which is present in mice deficient for sGC (Zhu et al. 2015) . A possible mechanism of action, activation of the ryanodine receptor RYR2 in a redox active manner, is being discussed. This would include phospholamban dimerization/tetramerization reducing SERCA inhibition leading to an accelerated calcium uptake (Sivakumaran et al. 2013) . Accordingly, nitroxyl donors are currently being evaluated as options for the treatment of acute decompensated heart failure (Sabbah et al. 2013) . Redox regulation of PKG is still an intriguing and strongly discussed mechanism to modulate cGMPinduced signaling cascade. A novel compound named G1 (Burgoyne et al. 2017 ) was introduced (Phil Eaton, London), which appears to target the PKG and to rely on the redox mechanism involving disulfide formation via the enzyme's cysteine 42 (Prysyazhna et al. 2012) . G1 was shown to dilate isolated arterial vessels from WT mice and to lower blood pressure in an angiotensin IIinduced hypertension model in WT mice, both effects being absent in a Cys-mutant PKG knock-in line. Selective phosphorylation of phospholamban at Ser-16 by disulfide-PKG may underlie this effect. As proof of principle, these data indicate that this or related compounds may become attractive alternatives for the treatment of diastolic heart failure (Burgoyne et al. 2017) .
Although sGC has been known to be a hemoprotein for over 30 years (Gerzer et al. 1981) , the exact mechanism(s) of heme insertion and heme redox regulation are still not elucidated. On the 6th cGMP conference 2013, the mechanism of heme insertion into sGC by the chaperone hsp90 was reported (Ghosh et al. 2014) . sGC can be present in two redox states containing either a reduced or oxidized heme (Fe 2+ vs Fe 3+ ). Oxidation of sGC heme is thought to be caused by reactive oxygen species, and under pathological situations with concomitant oxidative stress, the oxidized sGC is being exploited as target for GC activators. In Bamberg, novel data on the regulation of the redox state were presented (Adam Straub, Pittsburgh). Cytochrome b5 reductase 3 (Cyb5R3), a flavoprotein known for its ability to transfer electrons, regulates various physiological processes but is mostly involved in cellular heme reduction. In smooth muscle cells, the enzyme is membrane-bound, but its function is elusive so far. Evidence was presented that Cyb5r3 can directly reduce oxidized sGC in SMC. Knockdown of Cyb5r3 in SMC reduced sGC expression and cGMP levels and inhibited NO-stimulated cGMP production and VASP phosphorylation (Rahaman et al. 2017 ). Taken together, better understanding of the basic mechanisms of sGC heme redox regulation by Cyb5r3 may introduce a novel target to treat cardiovascular diseases that involve altered cGMP metabolism.
Conclusion and future directions
It is very obvious that the understanding on the upstream pathways leading to generation of cGMP as well as the signaling induced by this cyclic nucleotide is far from being complete. This does relate not only to the basic science which will surely unveil new regulatory principles governed by cGMP but also to the clinical aspects comprising the identification of novel targets, indications, and compounds within cGMP signaling. Beneficial effects in cardiac, vascular, pulmonary, and urogenital medicine are clearly anchored by the use of respective pharmacological compounds; other areas are getting more relevant for these drugs such as neuronal disorders, malaria, diabetes, cancer, or obesity. The enthusiasm for cGMP and cGMP-related research is still unbroken and there is much more to discover in this field in the years to come. The authors of this conference report are definitely looking forward to all novel basic findings, clinical developments, and applications that will be presented on the next cGMP conference in 2019!
